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INTRODUCTION: 

Prostate  Cancer  (PCa)  has  been  projected  to  be  the  leading  cause  of  cancer 
related  deaths  in  older  men  by  the  year  2010  (12).  An  increased  understanding  of 
basic  molecular  mechanisms  that  initiate  prostate  cancer  would  be  very  useful  for 
the  development  of  treatment  strategies  and  early  detection.  Recently,  evidence  in 
support  of  proliferative  inflammatory  atrophy  (PIA)  as  the  potential  precursor  of 
prostate  adenocarcinoma  has  been  accumulating.  Prostatic  atrophy  is  being 
proposed  as  the  stage  that  changes  benign  epithelium  to  adenocarcinoma,  due  to 
the  proliferative  nature  of  the  atrophic  lesions,  when  compared  to  normal 
epithelial  cells  (reviewed  in  4). 

In  normal  prostate,  the  secretory  ducts  are  lined  by  two  layers  of  epithelial 
cells,  the  basal  layer  and  second  layer  of  luminal  cells  that  are  columnar.  With 
disease  progression,  the  normal  epithelium  transitions  to  PIA.  In  this  stage,  the 
basal  epithelial  cell  layer  is  lost  and  the  luminal  secretory  cells  lose  much  of  their 
cytoplasmic  mass.  The  next  stage  in  the  PCa  progression  pathway  is  prostatic 
intraepithelial  neoplasia  (PIN),  where  the  cells  acquire  an  abnormal  nuclear 
morphology  and  appear  irregular.  PIN  changes  over  to  localized  cancer  where  the 
dual  epithelial  layer  of  cells  is  lost,  cells  have  a  higher  nuclear  to  cytoplasmic 
ratio  with  prominent  nucleoli.  The  final  stage  of  the  disease  is  the  metastatic  state 
(reviewed  in  4).  It  is  interesting  to  note  here  that  both  the  tumor  suppressor  genes 
( p53  and  Rbl ),  are  lost  in  the  later  stages  of  prostate  cancer.  Additionally,  the 
occurrence  of  mutations  in  tumor  suppressor  genes  (p53  and  Rbl )  in  the  early 
stages  of  prostate  cancer  is  relatively  low.  This  has  lead  to  the  speculation  that  a 
viral  agent  which  interferes  in  these  tumor  suppressor  pathways  may  play  a  role 
in  the  early  stages  of  prostate  cancer. 
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BK  vims  (BKV),  a  member  of  the  polyomavims  family  is  an  excellent 
candidate  for  this  agent.  It  is  ubiquitous  in  the  human  population  and  infects 
about  100%  of  the  population  by  early  childhood.  It  establishes  a  lifelong 
subclinical  persistent  infection  in  the  urinary  tract  and  upon  immunosuppression, 
particularly  in  renal  and  bone  marrow  transplant  patients,  can  be  reactivated  and 
cause  severe  disease  in  the  kidneys  and  bladder,  respectively.  BKV  oncogenically 
transforms  rodent  and  primary  human  cells  in  culture  and  causes  tumors  in 
transgenic  mice.  Its  co-expression  with  an  activated  ras  oncogene  leads  to  the 
transformation  of  primary  human  cells  in  culture.  Oncogenesis  is  mediated  by  the 
expression  of  the  large  and  small  tumor  antigens  (TAg  and  tAg).  TAg  expression 
induces  oncogenic  transformation  through  the  inactivation  of  the  two  tumor 
suppressor  pathways  (p53  and  RB)  (reviewed  in  9,  reviewed  in  27).  This 
inactivation  is  essential  for  efficient  viral  replication  and  cellular  transformation. 
This  is  very  similar  to  how  E6  and  E7  gene  products  of  human  papillomavirus 
(HPV)  inactivate  p53  and  RB,  in  cervical  carcinomas  (2,  10,  25).  Wild  type  p53 
levels  are  usually  low  in  a  cell  whereas  the  mutant  form  of  p53  is  more  stable  and 
occurs  at  a  higher  frequency.  Viral  oncoproteins  inactivate  p53  by  binding  to  it 
and  sequestering  the  protein  in  an  inert  form  (18,  28).  So,  upon  polyomavims 
infection,  wild  type  p53  levels  are  elevated  in  response  to  TAg  expression  but 
p53  is  functionally  inactivated  due  to  its  sequestration  by  TAg  (17,  19,  22-24). 

Our  preliminary  analysis  of  cancerous  prostate  tissues  obtained  from 
radical  prostectomies  shows  the  presence  of  BKV  DNA  sequences  in  the 
epithelial  cells  of  benign  and  atrophic  ducts,  which  is  the  initial  step  in  prostate 
cancer  and,  TAg  expression  is  specifically  localized  to  atrophic  epithelial  cells. 
TAg  is  cytoplasmic,  indicating  that  viral  replication  cannot  be  occurring. 
Additional  staining  for  VP  1 ,  which  is  a  replication  marker  for  BKV,  is  also 
negative.  TAg  also  co  localizes  with  p53  implying  that  p53  is  nonfunctional  (3). 
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BKV  is  not  observable  in  the  later  stages  of  cancer,  implying  it  is  lost  as  the 
cancer  advances  to  PIN  and  the  metastatic  stage. 

We  have  extended  our  preliminary  studies  to  further  determine  if  BKV 
plays  a  possible  role  in  early  stages  of  prostate  cancer.  Our  hypothesis  is  that 
TAg  inactivates  p53  in  the  early  stages  of  prostate  cancer.  Our  hypothesis  of  the 
status  of  p53  gene  in  BKV-related  prostate  cancer  is  derived  from  the  observation 
in  cervical  carcinomas.  HPV  induced  cancers  contain  wild  type  p53  while,  HPV 
negative  cancers  have  mutant  p53  (2,  10,  25).  We  predict  that  in  BKV  TAg 
expressing  cells  with  cytoplasmic  p53,  wild  type  p53  gene  will  be  observed  and 
in  BKV  TAg-negative  tumor  cells  with  detectable  nuclear  p53,  mutant  p53  gene 
will  be  detected. 

There  are  two  specific  aims  of  this  study.  The  first  specific  aim  was  to 
utilize  laser  capture  microdissection  to  analyze  the  sequence  of  p53  gene  in  T 
antigen-positive  and  negative  cells.  This  will  also  include  the  analysis  of  both 
normal  and  diseased  prostate  for  the  presence  and  expression  of  BKV.  The 
second  specific  aim  was  to  characterize  BKV  tissue  isolates  by  investigating  the 
status  of  replication  properties  of  BKV  using  genomic  clone  constructions 
derived  from  patient  sequences  and  then  monitoring  replication.  The  first 
specific  aim  (Task  1)  of  the  statement  of  work  was  fully  completed  and  has  been 
submitted  to  J.  Virol.  Due  to  time  constraint,  the  second  specific  aim  could  not  be 
completed. 

BODY: 

Aiml :  To  determine  the  status  of  p53  gene  in  BKV  TAg  positive  and 

negative  glands  in  prostate  tissues  by  using  laser  capture 
microdissection  (LCM)  technique  to  extract  DNA  followed  by 
PCR  amplification. 
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For  this  analysis,  we  first  designed  PCR  primers  to  amplify  exons  5-9  of 
the  p53  gene.  These  exons  are  the  sites  for  the  most  frequent  mutations  in  the  p53 
gene  in  various  cancers  (8,  16,  21).  Next,  we  optimized  the  primers  for 
amplification  from  200  to  1000  number  of  cells.  The  primers  were  first  used  to 
amplify  DNA  extracts  prepared  from  whole  tissue  sections  that  were  either 
positive  for  TAg  expression  or,  negative  for  TAg  expression  but  expressed 
nuclear  p53.  Whole  prostate  tissue  sections  contain  a  mixture  of  TAg-positive 
atrophic  cells  and  TAg-negative  tumor,  normal  and  stromal  cells.  DNA  extraction 
was  performed  as  described  previously  (3).  LCM  system  was  also  used  to  dissect 
specific  areas  of  the  paraffin  embedded  prostate  tissue  sections  that  either, 
express  cytoplasmic  TAg  (atrophic,  PIA  cells)  or  nuclear  p53  (tumor  cells)  (5,  7). 
Figure  1  (A/B)  shows  LCM  captured  cells  from  an  immunostained  prostate  tissue 
section.  After  immunohistochemistry  (IHC)  with  the  respective  antibodies, 
prostate  tissue  sections  were  exhaustively  dehydrated  in  ethanol  and  air  dried 
before  laser  capture  microdissection  (6).  Laser  capture  was  performed  using  the 
PIXCELL  II  Laser  Capture  Microscope.  Immunostained  cells  from  5  pM  tissue 
sections,  obtained  from  an  average  of  1500  firings  of  a  7.5  uM  laser  spot  size, 
was  captured  on  the  thermoplastic  caps  and  digested  in  20  uL  proteinase  K 
buffer.  After  the  inactivation  of  proteinase  K,  DNA  extracts  were  amplified  with 
p53  specific  primers  to  exon  5-9  and  sequenced. 
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BKV  TAg  positive  (TAg  and  p53,  Cytoplasmic) 


Before  Capture  .After  Capture  Capture 


BKV’  TAg  negative  (p53.  Nuclear) 


Figure  1.  LCM  of  TAg  positive 
atrophic  cells  and  TAg  negative 
tumor  cells  expressing  nuclear 
p53.  Before  and  after  capture  of 
the  glands  is  shown  in  these 
panels.  Panel  A  is  a  micrograph 
of  a  TAg  positive  sample  that 
expresses  cytoplasmic  TAg  in 
atrophic  glands.  Panel  B  is  also  a 
micrograph  of  a  TAg  negative 
sample  that  expresses  nuclear 
p53. 


A. 


BKV  TAg  positive  (TAg  nntl  p53.  Cytoplasmic) 


Figure  2.  DNA  Amplification  of 
the  exon  5-9  of  p53  gene  from 
laser  captured  cells.  Panel  A 
represents  amplification  from 
cytoplasmic  TAg  positive  atrophic 
cells  and  panel  B  is  amplification 
from  TAg  negative  tumor  cells 
expressing  nuclear  p53.  C  is  control 
from  a  reaction  using  water  as  the 
template.  WS  is  amplification  from 
whole  section  which  contains  a  mix 
of  tumor,  normal,  atrophic  and 
stromal  cells. 


Chromatograms  were  carefully  examined  for  the  presence  or  absence  of 
mutations.  An  example  of  the  chromatogram  is  shown  in  figure  3. 
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(ACC)  Thr  to  lie  (ATC) 

whole  section  (TAg+) 

(trial  1)  GATGTTTTGC  C AAC  TGGCC AAGAC  C  TGCC  C  TGTGC  AG 

whole  section  (TAg+) 

(trial  2)  jATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAG 


LCM  TAg+ 

GATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAG 


Figure  3.  Chromatogram  of  the  p53  sequence.  Partial  sequences  of  Sample  1 
from  Table  1  are  shown.  Arrows  show  a  mix  of  wildtype  (cytosine)  and  mutant 
(thymidine)  form  of  p53,  which  translates  to  amino  acid  140  in  the  whole  section 
DNA.  Careful  analysis  of  the  sequence  shows  both  nucleotides  even  though  the 
software  recognized  that  position  as  a  cytosine.  The  line  represents  the  wild  type 
(cytosine)  form  at  the  same  position  which  is  from  laser  captured  TAg+  cells. 


To  date,  all  the  TAg  positive  LCM  samples  express  wild  type  p53,  whereas 
some  of  the  TAg  positive  samples  from  entire  thin  sections  contain  a  mix  of  wild 
type/mutant  p53.  It  is  also  important  to  mention  here  that  all  the  intron  mutations 
observed  so  far  in  this  study  has  been  previously  reported  (1).  Whole  tissue 
sections  contain  a  mix  of  tumor,  normal,  atrophic  and  stromal  cells  and  it  is 
possible  that  the  mutant  p53  sequence  that  we  observe  from  TAg  positive  whole 
sections  is  the  amplification  of  p53  from  tumor  cells.  One  of  the  LCM  sample 
(sample  4)  that  is  TAg  negative  but  expresses  nuclear  p53  contains  a  mix  of  wild 
type/mutant  p53.  This  may  be  either  due  to  the  contamination  of  the  LCM  cells 
(tumor  cells;  nuclear  p53)  with  the  stromal  cells  or  due  to  the  heterozygosity  at 
the  locus.  The  interesting  point  to  note  here  is  that  p53  sequence  of  pure 
population  of  TAg  expressing  atrophic  cells  obtained  by  LCM  is  wild  type 
whereas  LCM  obtained  tumor  cells  expressing  nuclear  p53  harbor  mutations  in 
the  p53  gene.  This  supports  our  hypothesis  that  TAg  inactivates  p53  in  the  early 
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stage  of  prostate  cancer.  The  sequence  analysis  of  the  p53  gene  obtained  to  date 
is  shown  in  Table  1. 

It  is  also  interesting  to  note  here  that  TAg  is  not  detectable  in  the  later 
stages  of  prostate  cancer  and  p53  is  also  lost  as  cancer  progresses  from  localized 
to  metastatic  stage.  It  is  tempting  to  speculate  here  that  in  the  set  of  samples  that 
are  positive  for  BKV  TAg  expression,  p53  is  being  inactivated  at  an  early  stage 
in  the  PCa  pathway. 


Table  1 


Sequence  Analysis  of  the  p53  Gene 


Sample 

Exons  sequenced 

sequence,  whole  section 

sequence,  ALCM 

1 

5-6 

wt,  mt  (Thr  140  to  lie) 

wt 

9 

Wt 

wt 

2 

5-6 

Wt 

wt 

7-8 

wt,  mtB’ c 

wt 

9 

Wt 

wt 

3 

5-6 

wt 

wt 

7-8 

wt.mtc 

ND 

9 

Wt 

wt 

7 

5-6 

mt  (Pro  191  to  Leu) 

wt 

9 

wt,  mtc 

wt 

8 

9 

wt 

wt 

4 

5-6 

wt 

wt 

7-8 

wt,  mtc 

wt 

9 

Wt 

wt,  mt 

(Pro318toSer) 

5 

5-6 

wt 

wt 

9 

Wt 

wt 

6 

5-6 

wt 

wt 

7-8 

wt,  mtc 

ND 

A  ~w" 

9 

Wt 

wt 

A  Laser  captured  cells,  Samples  1,  2,  3,  7,  8  were  TAg-positive, 
cytoplasmic  p53;  Samples  4-6  were  TAg-negative,  nuclear  p53 


3  . 

Previously  reported  intron  mutation  in  A549  lung  carcinoma  cell  line  (31) 
Previously  reported  intron  mutations  listed  in  IARC  TP53  mutation  database 
(32);  IARC  is  the  International  Agency  for  Research  on  Cancer 
ND,  sequence  not  detennined 
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Furthermore,  we  also  tried  RT-PCR  from  formalin  fixed  paraffin 
embedded  whole  prostate  tissue  sections.  The  RT-PCR  sequence  analysis  of  the 
p53  gene  was  not  very  reproducible  whereas  the  DNA  sequence  analysis  was 
very  consistent.  Reported  DNA  mutations  in  the  p53  gene  could  be  amplified 
from  the  prostate  tissue  sections.  So,  all  our  p53  analysis  is  based  on  DNA 
amplification. 

Aim  2:  Comparison  of  cancerous  prostate  with  normal  prostate. 

The  second  aim  of  the  project  was  to  determine  if  BKV  resides  naturally  in 
the  prostate  since  it  is  ubiquitously  present  in  the  population  or  if  the  diseased 
tissues  have  a  higher  incidence  of  BKV.  A  cancerous  prostate  is  defined  as 
prostate  that  has  been  surgically  removed  due  to  prostate  cancer  diagnosis.  A 
normal  prostate  is  defined  as  prostate  that  has  been  removed  either  during 
autopsy  or  by  cystoprostatectomy  from  a  bladder  cancer  patient  who  has  no 
histological  signs  of  prostate  cancer.  Normal  prostates  were  analyzed  for  BKV 
using  in  situ  hybridization  (ISH)  and  immunohistochemistry  (IHC).  BKV  DNA 
was  present  at  a  much  lower  frequency  in  normal  prostate  than  in  cancerous 
prostate.  In  the  majority  of  normal  samples  tested  to  date,  BKV  DNA  was  absent. 
However  in  a  small  set  of  normal  samples,  BKV  DNA  was  observed  both  in  the 
normal  epithelium  and  atrophic  cells  (Figure  4  and  Table  2).  Similarly,  in  a  very 
small  percent  of  the  normal  samples,  TAg  was  in  the  atrophic  epithelium  and  was 
cytoplasmic.  Additionally,  the  same  TAg  positive  samples  were  also  positive  for 
p53,  and  it  was  also  cytoplasmic.  There  was  no  expression  of  TAg  in  normal 
epithelium.  This  study  shows  that  BKV  is  present  at  a  significantly  higher 
frequency  in  cancerous  prostate  and  TAg  is  being  specifically  expressed  in  the 
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atrophic  epithelium  of  normal  prostates.  Fisher’s  exact  test  both  for  ISH  (p  = 
0.007)  and  IHC  (p  =  0.008)  shows  significant  difference  between  the  BKV 
positive  samples  in  normal  and  cancerous  prostates  (Table  2).  This  suggests  that 
BKV  does  not  reside  naturally  in  the  prostate  epithelium.  The  presence  of  BKV 
sequences  and  expression  of  BKVTAg  in  PI  A  lesions  also  suggests  that  BKV 
may  cause  the  transition  of  the  tissues  from  benign  to  atrophic,  ultimately  leading 
to  PCa. 


Figure  4.  In  situ  hybridization  and  immunohistochemistry  of  normal  prostates.  A 

and  B  are  serial  sections  hybridized  with  scrambled  and  BKV-specific  probe, 
respectively.  C  is  a  normal  prostate  sample  that  is  negative  for  BKV  DNA,  whereas  D 
and  E  are  normal  and  atrophic  ducts,  respectively  of  the  sample  showing  positive 
staining  with  BKV-specific  probe.  F  and  G  are  the  same  samples  immunostained  with 
anti  TAg  and  anti  p53,  respectively,  showing  cytoplasmic  expression  in  the  atrophic 
ducts.  H  is  a  normal  gland  that  is  negative  for  TAg  expression. 
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Table  2 


Normal 

Cancer 

/7-value 

BKV  DNA  + 

4 

11 

BKV  DNA  - 

11 

3 

0.007 

TAg  + 

4 

13 

TAg- 

25 

15 

0.008 

+,  positive;  negative;  BKV  DNA,  ISH  was  done;  TAg,  IHC  was  done 


We  had  also  planned  to  extend  this  analysis  to  prostate  cancer  tissue 
microarrays,  to  increase  sample  size  but  we  are  unable  to  use  TMAs  for  our 
analysis  because  PIA  lesions  are  underrepresented  in  these  prostate  cancer 
TMAs.  So,  we  cannot  analyze  large  number  of  samples  at  this  time. 


Aim  3 :  NLS  analysis  of  TAg  of  BKV 


The  third  aim  of  the  project  was  to  determine  the  integrity  of  the  nuclear 
localization  signal  (NLS)  of  BKV  TAg  since  it  is  specifically  expressed  in  the 
cytoplasm  rather  than  its  normal  nuclear  site.  So,  primers  were  designed  to 
amplify  the  NLS  of  TAg  which  is  KKKRK  (13,  15).  TAg  was  amplified  from 
three  TAg  positive  prostate  samples.  Chromatogram  is  shown  in  figure  5.  Wild 
type  NLS  was  observed  in  all  the  three  samples  that  were  sequenced  (Table  3). 
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Figure  5.  Chromatogram  of  the  nuclear  localization  signal  (NLS)  of  BKV  TAg. 

Partial  sequence  of  BKV  TAg  from  cancerous  prostate  expressing  cytoplasmic  TAg 
is  shown.  The  NLS  sequence  is  wild  type. 


Table  3 

NLS  Sequence  Analysis  of  BKV  TAg 


Sample 

(cancer) 

TAg+ 

p53+ 

NLS 

(TAg) 

1 

Cyto 

Cyto 

wt 

2 

Cyto 

Cyto 

wt 

3 

Cyto 

Cyto 

wt 

Cyto,  cytoplasmic  expression;  wt,  wild  type 

This  implies  that  some  cellular  factor  is  responsible  for  sequestering  TAg, 
and  in  consequence  p53,  in  the  cytoplasm.  It  has  been  reported  that  nuclear 
import  of  TAg  proteins  is  inhibited  by  p34cdc2-mediated  phosphorylation  of 
TAg  at  specific  threonine  residues  (11,  26).  Complex  formation  between  p53  and 
p34cdc2  has  been  reported  and  TAg  stimulates  expression  of  cdc2  gene  (20). 
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There  are  also  reports  of  p34cdc2  expression  in  prostate  cancer  and  increased 
levels  have  been  shown  to  associate  with  disease  progression  (14). 


KEY  RESEARCH  ACCOMPLISHMENTS: 

The  key  accomplishments  to  date  are  as  follows: 

•  Data  obtained  to  date  from  the  LCM  analysis  of  p53  gene  from  TAg 
positive  and  negative  prostate  cancer  samples  supports  our  hypothesis  that 
BKV  inactivates  p53  in  the  early  stage  of  prostate  cancer  in  the  subset  of 
samples  that  are  positive  for  TAg  expression.  If  a  correlation  can  be 
established  between  p53  and  TAg  in  the  early  stage  prostate  cancer,  then 
antiviral  inhibitors  can  be  designed  to  target  BKV  TAg. 

•  Comparative  analysis  to  date  of  normal  prostate  with  cancerous  prostate 
for  BKV  indicates  that  BKV  is  present  at  a  significantly  higher  frequency 
in  cancerous  prostates  than  in  normal  prostates.  This  suggests  that  BKV 
may  be  involved  in  the  early  stage  of  prostate  cancer  progression. 

REPORTABLE  OUTCOMES: 

Dweepanita  Das,  Rajal  B  Shah  and  Michael  J.  Imperiale.  The  Role  of  BK  Virus 
in  the  Early  Stages  of  Prostate  Cancer.  DNA  Tumor  Viruses  2006  Meeting.  Oral 
Presentation.  Salk  Institute,  La  Jolla,  CA.  July  11-16,  2006. 

Dweepanita  Das,  Kirk  Wojno  and  Michael  J.  Imperiale.  Role  of  Human 
Polyomavirus  BKV  in  Prostate  Cancer.  The  Innovative  Minds  in  Prostate  Cancer 
Today  (IMPACT)  September  5-8,  2007,  Hyatt  Regency,  Atlanta 
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Dweepanita  Das,  Kirk  Wojno  and  Michael  J.  Imperiale.  BKV  as  a  Cofactor  in  the 
Etiology  of  Prostate  Cancer  in  its  Early  Stages.  Submitted  to  J.  Virol. 


CONCLUSIONS: 

BKV  is  present  at  a  significantly  higher  frequency  in  cancerous  prostates. 

It  does  not  reside  naturally  in  the  normal  prostate.  The  percentage  of  normal 
prostates  harboring  BKV  is  significantly  low.  This  strongly  supports  a  connection 
between  BKV  and  cancer.  TAg  expression  is  significantly  lower  in  normal 
prostates  and  is  specifically  localized  to  atrophic  epithelium  suggesting  that  these 
individuals  may  be  predisposed  for  prostate  cancer  in  later  years  or  if  lived  longer 
(autopsy  samples).  We  observe  an  inverse  correlation  between  TAg  expression  in 
atrophic  epithelium  and  mutations  in  the  p53  gene  in  those  cells.  This  supports 
our  hypothesis  that  BKV  TAg  inactivates  p53  in  the  early  stage  of  prostate 
cancer.  Additionally,  the  NLS  sequence  of  TAg  expressed  in  prostate  samples  is 
intact,  implying  that  a  cellular  factor  is  sequestering  TAg,  and  as  a  result  p53,  in 
the  cytoplasm. 

The  above  studies  are  intriguing  and  suggest  that  BKV  may  play  a  role  in 
the  etiology  of  prostate  cancer.  If  a  link  between  BKV  and  prostate  cancer  is 
established,  its  unique  viral  properties  can  be  used  for  the  possibility  of 
vaccination  for  prevention  or  treatment  by  designing  drugs  that  target  TAg. 
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ABSTRACT 


Prostate  cancer  has  been  projected  to  cause  almost  10%  of  all  male  cancer  deaths  in  2007  in  the 
US.  The  incidence  of  mutations  in  the  tumor  suppressor  genes,  Rbl  and  p53,  especially  in  the 
early  stages  of  the  disease,  is  low  when  compared  to  other  cancers.  This  has  led  to  the 
hypothesis  that  a  human  virus  such  as  BK  virus  (BKV),  which  establishes  a  subclinical 
persistent  infection  in  the  urinary  tract  and  encodes  oncoproteins  that  interfere  with  these  tumor 
suppressor  pathways,  is  involved.  Previously,  we  detected  BKV  DNA  in  the  epithelial  cells  of 
benign  and  proliferative  inflammatory  atrophy  ducts  of  cancerous  prostate  specimens.  In  the 
present  report,  we  demonstrate  that  BKV  is  present  at  a  much  lower  frequency  in  non- 
cancerous  prostates.  Additionally,  in  normal  prostates,  TAg  expression  is  only  observed  in 
specimens  harboring  proliferative  inflammatory  atrophy  and  prostatic  intraepithelial  neoplasia. 
We  further  demonstrate  that  the  p53  gene  from  atrophic  cells  expressing  TAg  is  wild  type, 
whereas  tumor  cells  expressing  detectable  nuclear  p53  contain  a  mix  of  wild  type  and  mutant 
p53  genes,  suggesting  that  TAg  may  inactivate  p53  in  the  atrophic  cells.  Our  results  point 
towards  a  role  for  BKV  in  early  prostate  cancer  progression. 
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INTRODUCTION 


Prostate  cancer  is  the  leading  cause  of  male  cancer  deaths  in  the  United  States.  The  latest 
statistics  for  2007  estimate  218,890  new  prostate  cancer  cases  and  27,050  deaths  (39).  Prostate 
cancer  is  a  slowly  progressing  disease;  therefore,  identification  of  its  precursor  lesions  has  become 
the  primary  focus  of  many  studies  (reviewed  in  14,  20,  30,  55).  An  increased  understanding  of  the 
molecular  mechanisms  associated  with  prostate  cancer  initiation  and  progression  would  be  useful 
for  developing  strategies  for  its  early  detection  and  treatment. 

Proliferative  inflammatory  atrophy  (PIA),  proposed  as  the  potential  precursor  to 
adenocarcinoma  due  to  its  proliferative  nature,  is  prevalent  in  the  peripheral  zone  of  the  prostate 
gland,  where  prostatic  intraepithelial  neoplasia  (PIN)  and  carcinoma  also  occur  (reviewed  in  20, 

59,  68,  80,  91).  It  has  been  postulated  that  PIA  may  transition  to  carcinoma  without  any 
intermediate  stage  or  may  lead  to  carcinoma  through  PIN.  Frequent  histological  transitions 
between  PIA  and  PIN  have  been  observed  (19,  68).  Several  crucial  prostate  tumor  suppressor 
genes  such  as  NKX3. 1 ;  CDKN1B,  which  codes  for  p27,  a  cyclin-dependent  kinase  inhibitor  that 
regulates  cell  cycle  progression;  and  PTEN  (phosphatase  and  tensin  homologue)  are  all  expressed 
at  very  low  levels  in  PIA,  similar  to  their  expression  pattern  in  PIN  and  carcinoma  (reviewed  in 
30). 

The  occurrence  of  mutations  in  p53  and  Rbl  in  the  early  stages  of  prostate  cancer  is 
relatively  low  (reviewed  in  1,7,  40,  57).  This  has  suggested  the  possibility  that  a  viral  agent  like 
BK  virus  (BKV),  which  infects  the  urinary  tract  and  encodes  tumor  antigens  that  inactivate  these 
tumor  suppressors,  may  play  a  role  in  the  etiology  of  prostate  cancer.  This  would  be  very  similar  to 
how  the  E6  and  E7  oncogene  products  of  human  papillomavirus  (HPV)  inactivate  p53  and  pRB, 
respectively,  in  cervical  carcinomas  (13,  22,  27,  37,  50,  74,  75).  It  has  been  suggested  that 
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exposure  to  infectious  agents  can  cause  injury  to  the  normal  prostate  epithelium,  leading  to  the 
development  of  PIA  (reviewed  in  20). 

BKV,  a  member  of  the  polyomavirus  family,  was  first  isolated  from  the  urine  of  a  renal 
transplant  patient  (28)  and  infects  almost  90%  of  the  human  population  by  early  childhood 
(reviewed  in  34,  42,  78).  It  resides  in  a  subclinical  persistent  state  in  the  urinary  tract  of  healthy 
individuals  and  reactivates  in  immunosuppressed  transplant  patients,  in  whom  it  is  associated  with 
haemorrhagic  cystitis  and  polyomavirus  nephropathy  (5,  35,  58,  70).  BKV  transforms  rodent  cells 
in  culture  (65),  causes  kidney  tumors  in  transgenic  mice  (15),  and  immortalizes  primary  human 
cells  alone  (32,  67,  79,  84)  or  in  the  presence  of  other  oncogenes  such  as  c -ras  (60)  and  adenovirus 
El  A  (92).  A  possible  role  for  BKV  in  human  cancers  is  controversial  because  such  a  high 
percentage  of  the  human  population  is  exposed  to  the  virus  at  a  very  early  age,  precluding  the  use 
of  epidemiologic  methods  to  test  an  association  (reviewed  in  16) 

The  genome  of  BKV  is  divided  into  early,  late,  and  regulatory  regions  and  codes  for  at 
least  six  proteins,  two  from  the  early  region  and  four  from  the  late  region.  The  early  proteins,  large 
tumor  antigen  (TAg)  and  small  tumor  antigen  (tAg),  are  the  first  to  be  expressed  during  infection. 
When  TAg  accumulates  to  high  levels,  it  initiates  viral  DNA  replication  in  the  cell  nucleus  by 
recruiting  the  DNA  polymerase  a/primase  complex  to  the  viral  origin  of  DNA  replication,  shuts 
off  early  gene  transcription,  and  stimulates  expression  of  the  late  genes,  VP1,  VP2,  VP3,  and 
agnoprotein  (reviewed  in  36).  Under  conditions  in  which  viral  replication  is  inhibited,  BKV 
induces  oncogenesis  through  the  expression  of  its  two  tumor  antigens  (reviewed  in  88).  TAg 
promotes  cellular  transfonnation  by  interfering  with  the  tumor  suppressor  functions  of  p53  and 
pRB  (reviewed  in  3).  TAg  upregulates  p53  levels  in  the  cell  by  stabilizing  the  protein,  but 
functionally  inactivates  it  by  sequestering  it  in  an  inert  form  (reviewed  in  45,  46,  49,  63,  reviewed 
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in  93).  Therefore,  expression  of  TAg  and  subsequent  inactivation  of  p53  mimic  the  same 
phenotypic  effect  as  those  caused  by  mutations  in  the  p53  gene.  Similarly,  TAg  functionally 
inactivates  pRB  by  binding  it  and  causing  the  release  of  E2F  (reviewed  in  4).  tAg  induces 
tumorigenesis  and  promotes  anchorage-independent  growth  of  transformed  cells  by  the  negative 
regulation  of  protein  phosphatase  2A  (64,  95). 

In  a  previous  report,  utilizing  in  situ  analysis,  we  demonstrated  the  presence  of  BKV  DNA 
sequences  in  epithelial  cells  of  benign  and  PIA  ducts  of  cancerous  prostate  specimens  (17). 
Additionally,  BKV  TAg  was  expressed  specifically  in  the  atrophic  epithelial  cells  but  not  in  the 
normal  epithelium.  TAg  was  detected  in  the  cytoplasm  and  co-localized  with  p53  in  the  atrophic 
cells,  suggesting  that  neither  protein  could  carry  out  its  normal  nuclear  function.  However,  BKV 
was  not  detected  in  the  more  advanced  stages  of  cancer  progression.  In  the  present  study  we  have 
extended  our  analysis  to  non-cancerous  prostates.  In  normal  prostates,  BKV  was  present  at  a  lower 
frequency  than  in  cancerous  ones,  and  TAg  expression  is  only  observed  in  specimens  containing 
PIA  and  PIN  lesions.  We  also  detected  TAg  expression  in  the  same  PIA  ducts  containing  BKV 
DNA,  confirming  that  the  TAg  is  that  of  BKV.  Utilizing  laser  capture  microdissection  on 
cancerous  prostates,  we  further  show  that  the  p53  gene  from  TAg-expressing  PIA  cells  was  wild 
type,  whereas  tumor  cells  expressing  nuclear  p53  contained  a  mix  of  wild  type  and  mutant  p53 
genes.  Additionally,  we  demonstrate  that  the  nuclear  localization  sequences  (NLS)  of 
cytoplasmically  localized  TAg  and  p53  were  wild  type,  indicating  that  the  sequestration  of  TAg 
and  p53  in  the  cytoplasm  was  not  due  to  mutations  in  the  NLS  of  these  genes.  Together,  these 
results  support  a  causal  role  for  BKV  in  PIA  and  the  early  development  of  prostate  cancer. 
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MATERIALS  AND  METHODS 


Human  Tissue  Specimens. 

Paraffin-embedded  adenocarcinoma  prostate  resection  specimens  from  radical 
prostatectomies  and  cystoprostatectomy  specimens  from  bladder  cancer  patients  with  the  diagnosis 
of  muscle  invasive  high  grade  urothelial  carcinoma,  with  no  prostate  cancer  histology,  were 
obtained  from  the  Tissue  Procurement  Core  at  the  University  of  Michigan  Comprehensive  Cancer 
Center.  One  section  from  each  of  the  specimens  was  stained  with  hematoxylin  and  eosin  and  was 
evaluated  for  the  presence  of  benign,  atrophic,  or  tumor  cells  by  the  pathologist.  Additionally, 
autopsy  specimens  were  obtained  commercially  as  a  nonnal  prostate  tissue  microarray  from  US 
BIOMAX,  Inc. 

DNA  Extraction  and  PCR  amplification. 

DNA  extraction  was  performed  using  the  method  previously  described  by  Das  et  al.  (2004) 
in  a  BKV-free  area  and  cross-contamination  was  avoided  by  frequent  changing  of  gloves  between 
samples.  The  sequences  of  the  oligonucleotide  primers  used  for  these  studies  are  listed  in  Table  1. 
The  BKV  early  region  oligonucleotide  probe  for  ISH  (BKV  (4434.4473)),  and  a  scrambled  control 
probe  with  the  same  length  and  G+C  content  were  characterized  in  our  previous  study  (17). 

Extracted  DNA  from  entire  thin  tissue  sections  was  amplified  using  Titanium™  Taq  DNA 
polymerase  (Clontech)  in  a  Thermo Hybaid  thennocycler  (Px2).  All  reactions  were  perfonned  in  a 
final  volume  of  100  juL  containing  200  nM  each  primer,  200  //M  dNTPs,  2  piL  template  and  1U 
polymerase  in  0.5X  buffer  (20  mM  Tricine-KOH,  pH  8.0,  8  mM  KC1,  1.75  mM  MgCU  and  1.87 
//g/mL  BSA).  For  TAg  NLS  amplification,  two  rounds  of  45  cycles  each  were  used.  The  template 
for  second  round  amplification  consisted  of  30  juL  product  from  the  first  round  amplification.  The 
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program  consisted  of  initial  denaturation  for  5  mins,  at  94°C  followed  by  denaturation  at  94°C  for 
30  secs,  annealing  at  45°C  for  30  secs,  and  elongation  at  72°C  for  1  min.,  followed  by  final 
elongation  at  72°C  for  7  minutes.  For  p53  gene  amplification,  IX  buffer  was  used,  with  two  rounds 
of  45  cycle  amplification.  The  program  for  exons  5  through  8  consisted  of  initial  denaturation  for  5 
mins,  at  94°C  followed  by  denaturation  at  94°C  for  30  secs,  annealing  at  60°C  for  30  secs,  and 
elongation  at  72°C  for  1  min.,  followed  by  final  elongation  at  72°C  for  7  mins.  The  program  for 
exon  9  was  the  same  except  that  the  annealing  temperature  was  51°C.  The  negative  control  tube 
contained  all  the  PCR  components  except  DNA  template.  p53  NLS  amplification  was  done  using 
identical  PCR  conditions  of  exons  7  through  8  and  9. 

Sequence  Analysis. 

PCR  products  were  separated  by  agarose  gel  electrophoresis,  extracted  (Qiaquick  gel 
extraction  kit,  Qiagen),  and  sequenced  by  the  DNA  Sequencing  Core  at  the  University  of 
Michigan.  Sequences  were  analyzed  using  Lasergene  software  from  DNA  Star. 

Renal  Proximal  Tubular  Epithelial  (RPTE)  Cells. 

RPTE  cells  were  grown  and  infected  with  BKV  on  two  well  chamber  slides  (Fisher)  as 
previously  reported  (47).  Cells  were  fixed  and  stained  4  days  after  infection  as  previously 
published  (17). 

In  Situ  DNA  Hybridization  (ISH)  and  Immunohistochemistry  (IHC). 

ISH  and  IHC  were  perfonned  using  our  previously  published  protocol  (17).  For  IHC  with 
anti-VPl,  1%  SDS  retrieval  was  performed  for  8  mins,  at  room  temperature.  Monoclonal  antibody 
anti- VP  1  (P5G6  BKV9VP1),  a  gift  from  Denise  Galloway,  was  used  at  a  1:600  dilution. 

Immuno-Laser  Capture  Microdissection. 
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Formalin- fixed,  paraffin-embedded  4  /im  prostate  tissue  sections  were  deparaffinized  and 
rehydrated  using  our  previously  published  protocol.  Immunohistochemistry  was  performed  as 
previously  described  except  that  the  antibody  dilution  for  the  anti-TAg  was  1 :300.  After  IHC  and 
counterstaining  with  hematoxylin,  the  sections  were  dehydrated  in  graded  ethanol  solutions  (95% 
ethanol  for  2  x  5  mins.,  100%  ethanol  for  3  x  5  mins.)  and  cleared  in  xylene  for  3  x  5  mins.  The 
slides  were  air  dried  for  30  min.  in  a  fume  hood  and  stored  in  a  desiccator  until  laser  capture 
microdissection.  Laser  capture  was  performed  using  the  PIXCELL  II  Laser  Capture  Microscope 
from  Arcturus  Engineering.  The  TAg  positive  PIA  cells  and  nuclear  p53  immunolabeled  areas 
were  visualized  directly,  after  which  the  laser  pulse  was  applied  to  activated  thennoplastic  film 
mounted  on  LCM  caps  to  capture  cells  of  interest.  The  following  parameters  were  set  on  the 
PixCell  II  LCM  system:  laser  spot  size  7.5  /an;  power  85  mW;  current  250  mV.  DNA  was 
extracted  from  approximately  2500  captured  cells  by  treating  with  40  tuL  of  proteinase  K  buffer 
(10  mM  Tris,  pH  8.0,  1  mM  EDTA,  pH  8.0,  1%  Tween  20  and  0.1  mg/mL  proteinase  K)  for  48  hrs 
at  45°C.  Proteinase  K  was  first  inactivated  at  95°C  for  10  mins.  The  LCM  DNA  extracts  were  flash 
spun  in  a  microcentrifuge  and  stored  at  -20°C.  A  20  juL  aliquot  of  the  LCM  DNA  template  was 
routinely  used  for  first  round  PCR  amplification. 
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RESULTS 


BKV  is  present  at  a  significantly  higher  frequency  in  cancerous  prostates 

If  BKV  plays  a  role  in  prostate  cancer  progression,  one  would  expect  to  find  it  at  lower 
frequencies  in  nonnal  prostates  than  in  cancerous  prostates.  For  these  experiments,  cancerous 
prostate  is  defined  as  a  prostate  that  has  been  surgically  removed  due  to  a  diagnosis  of  prostate 
cancer  and  histologically  confirmed  to  contain  malignant  glands.  Normal  prostate  is  defined  as  a 
prostate  that  has  been  surgically  removed  as  part  of  a  resection  to  remove  a  cancerous  bladder 
(cystoprostatectomy)  or  during  autopsy  and  histologically  confirmed  to  contain  only  non- 
malignant  glands. 

We  initially  analyzed  the  normal  prostates  using  the  same  in  situ  hybridization  (ISH) 
technique  that  we  previously  used  with  cancerous  prostates  (17).  BKV  DNA  was  absent  in  the 
majority  of  the  normal  specimens  (Figure  1  A).  However,  in  a  small  number  of  nonnal  specimens, 
BKV  DNA  was  observed  both  in  normal  and  atrophic  epithelial  cells,  as  demonstrated  by  nuclear 
hybridization  to  the  BKV-specific  probe  (Figure  2,  panels  B,  E  and  G)  but  not  to  the  scrambled 
probe  (Figure  2,  panels  A  and  D).  We  did  not  detect  any  BKV  signal  in  the  stromal  cells.  The  ISH 
studies  on  normal  prostate  demonstrated  the  presence  of  BKV  DNA  sequences  in  4/15  of  the 
specimens,  which  was  significantly  lower  than  the  frequency  of  detection  in  cancerous  prostate 
(Table  2). 

Next,  we  used  immunohistochemistry  (IHC)  with  a  specific  anti-TAg  monoclonal  antibody 
to  detennine  whether  TAg  was  being  expressed  in  the  normal  prostate  tissue  specimens  (Figure 
1B-C).  In  the  majority  of  the  nonnal  prostate  tissue  specimens  there  was  no  expression  of  TAg 
(panel  B).  However,  in  a  small  number  of  normal  specimens  there  was  expression  of  TAg  in  the 
cytoplasm  of  atrophic  epithelium  (panel  C).  The  staining  pattern  of  the  atrophic  cells  was  identical 
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to  that  observed  with  cancerous  prostate.  The  IHC  analysis  of  normal  prostate  demonstrated  the 
expression  of  TAg  in  4/29  of  the  specimens,  which  was  significantly  lower  than  cancerous  prostate 
(Table  2).  We  also  examined  the  status  of  the  p53  protein  in  the  normal  prostate  tissue  specimens. 
In  our  previous  report,  we  had  observed  the  cytoplasmic  localization  of  p53  in  atrophic  cells  in  the 
cancerous  prostate  specimens  that  also  expressed  TAg.  Representative  IHC  of  anti-p53  staining  on 
a  serial  section  from  the  same  normal  prostate  that  was  positive  for  TAg  is  shown  in  Figure  ID. 
p53  expression  was  cytoplasmic,  localized  specifically  to  the  atrophic  cells  that  express  TAg,  and 
was  detectable  only  in  the  TAg-positive  specimens  (Table  3).  The  ISH  and  the  IHC  analysis  from 
normal  prostate  tissue  specimens  suggest  that  BKV  is  not  highly  prevalent  in  the  epithelium  of 
normal  prostates. 

We  wanted  to  confirm  whether  TAg  was  expressed  in  the  same  ducts  that  contained  BKV 
DNA.  To  determine  this,  we  aligned  ISH  and  IHC  slides  from  serial  sections  that  showed  the 
presence  of  viral  DNA  and  TAg  expression  (Figure  2).  In  a  BKV -positive  specimen,  BKV  DNA 
(panels  B  and  G)  and  TAg  expression  (panels  C  and  H)  were  observed  in  the  same  PI  A  duct.  In 
contrast,  a  normal  duct  from  the  same  BKV-positive  specimen  showed  robust  nuclear  staining  with 
the  BKV  probe  (panel  E)  but  lacked  TAg  expression  (panel  F). 

Wild  type  p53  gene  in  atrophic  cells  expressing  TAg 

We  next  wanted  to  test  the  hypothesis  that  TAg  inactivates  p53  in  the  early  stages  of 
prostate  cancer,  specifically  PIA.  Our  hypothesis  regarding  the  status  of  the  p53  gene  in  BKV- 
related  prostate  cancer  is  derived  from  the  situation  in  another  virally  induced  cancer,  cervical 
carcinoma.  Like  TAg,  the  HPV  E6  oncoprotein  inactivates  p53.  HPV-induced  cancers  contain 
wild  type  p53  while  HPV-negative  cancers  have  mutant  p53  (13,  27,  37,  74).  We  predicted  that 
in  BKV  TAg-expressing  cells,  a  wild  type  p53  gene  would  be  observed,  and  in  BKV  TAg- 
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negative  tumor  cells  with  detectable  nuclear  p53,  a  mutant p53  gene  would  be  detected.  To 
analyze  this,  we  designed  PCR  primers  to  amplify  exons  5-9  of  the  p53  gene.  This  spans  the 
sequence-specific  DNA  binding  domain  of  p53;  these  exons  are  the  sites  for  the  most  frequent 
mutations  in  the  p53  gene  in  various  cancers  including  prostate  (reviewed  in  21,  94).  Utilizing 
laser  capture  microdissection  (LCM),  BKV  TAg-positive  atrophic  cells  from  PIA  and  BKV 
TAg-negative  tumor  cells  expressing  nuclear  p53  were  isolated  from  cancerous  prostate  tissue 
sections  immunostained  with  either  anti-TAg  or  anti-p53,  respectively.  Amplification  was 
perfonned  both  with  DNA  extracted  from  entire  thin  tissue  sections  and  from  the  laser- 
captured  cells,  and  the  products  were  sequenced.  The  entire  thin  tissue  sections  contain  a 
mixture  of  normal,  atrophic,  tumor,  and  stromal  cells.  In  both  the  TAg-positive  and  TAg- 
negative  captured  specimens  there  was  slight  stromal  cell  contamination  (Figure  3;  C  and  F). 
Chromatograms  were  carefully  examined  for  the  presence  or  absence  of  mutations  in  the  p53 
gene.  A  partial  comparative  chromatogram  of  exon  5  of  the  p53  gene  from  isolated  TAg- 
positive  cells  and  entire  thin  tissue  section  of  one  specimen  shows  that  the  p53  sequence  is 
wild  type  in  the  laser-captured  atrophic  cells  expressing  TAg,  whereas  it  is  a  mixture  of  wild 
type  and  mutant  in  the  entire  section  (Figure  3).  All  the  laser  captured  TAg-positive  PIA  cells 
we  analyzed  contained  wild  type  p53,  whereas  cells  from  entire  thin  sections  of  some  of  these 
specimens  contained  a  mixture  of  wild  type  and  mutant  p53  (Table  4).  In  contrast,  captured 
tumor  cells  from  a  specimen  that  was  BKV  TAg  negative  but  expressed  nuclear  p53  contained 
a  mix  of  wild  type  and  mutant  p53  (specimen  #C6).  This  may  be  due  to  heterozygosity  at  the 
locus. 

Absence  of  BKV  replication  marker,  VP1  in  TAg  expressing  cancerous  prostates 
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The  exclusive  cytoplasmic  localization  of  BKV  TAg  suggested  that  viral  replication, 
which  relies  on  the  host  DNA  synthetic  machinery  in  the  nucleus,  cannot  be  occurring.  To  test 
this,  IHC  analysis  was  performed  on  a  subset  of  the  TAg-positive  specimens  using  antibody  to 
the  viral  late  protein,  VP1,  which  is  a  BKV  replication  marker  (Figure  4).  We  did  not  detect 
any  positive  signal  in  the  tissue  specimens  with  antibody  to  VP1,  indicating  that  viral 
replication  was  not  occurring.  As  a  positive  control,  BKV-infected  human  renal  proximal 
tubular  epithelial  cells  were  analyzed  in  parallel  (panels  C-D).  Finally,  due  to  the  cytoplasmic 
localization  of  the  TAg  and  p53,  we  detennined  the  integrity  of  the  NLS  of  these  two  proteins. 
To  accomplish  this,  DNA  was  extracted  from  three  TAg-positive  tissue  specimens,  and  nested 
PCR  was  used  to  amplify  and  sequence  the  TAg  NLS.  A  wild  type  NLS  was  observed  in  all 
three  specimens  (data  not  shown).  Additionally,  exons  8  and  9  of  the  p53  gene,  which  contain  a 
bipartite  NLS,  were  sequenced  from  three  specimens.  In  these  specimens,  the  p53  NLS  was 
also  wild  type  (data  not  shown). 
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DISCUSSION 


The  experiments  in  this  study  tested  the  hypothesis  that  BKV  plays  a  role  in  the  etiology  of 
prostate  cancer  in  its  early  stages.  In  our  initial  in  situ  analysis  with  cancerous  prostates,  we  had 
observed  the  presence  of  BKV  DNA  in  normal  and  PIA  epithelium,  with  TAg  expression 
specifically  localized  to  the  atrophic  but  not  the  normal  epithelium  (17).  BKV  was  not  detected 
and  was  assumed  to  be  lost  as  the  cancer  advanced  to  PIN  or  invasive  carcinoma.  We  have 
extended  our  previous  studies  to  determine  if  BKV  is  also  present  in  non-diseased  prostates,  or 
whether  its  detection  in  cancerous  tissue  is  simply  a  reflection  of  its  ubiquitous  presence  in  the 
human  population.  When  we  compared  the  presence  of  BKV  between  diseased  and  non-diseased 
prostates,  BKV  was  found  at  a  higher  frequency  in  cancerous  prostates.  Viral  DNA  was  detected  in 
79%  of  cancerous  prostates  but  only  in  27%  of  non-diseased  prostates,  and  TAg  expression  was 
observed  in  47%  of  cancerous  prostates  but  only  in  14%  of  non-diseased  prostates.  Fisher’s  exact 
test  both  for  ISH  (/?=0.007)  and  IHC  (p=  0.008)  shows  a  significant  difference  between  the 
presence  and  expression  of  BKV  in  normal  and  cancerous  prostates.  Interestingly,  in  both  types  of 
specimen,  TAg  expression  was  only  detected  in  PIA  cells.  In  the  non-diseased  prostates,  however, 
TAg  expression  in  PIA  lesions  was  only  observed  in  those  specimens  also  containing  PIN  lesions. 
Additionally,  TAg  expression  is  localized  to  the  cytoplasm  in  both  types  of  specimen,  but  the  NLS 
is  wild  type.  The  comparative  analysis  between  cancerous  and  non-diseased  prostate  supports  our 
hypothesis  that  BKV  is  a  cofactor  in  PIA. 

PIA  has  been  observed  in  the  vicinity  of  carcinoma  lesions  and  has  been  reported  to 
sometimes  merge  with  adenocarcinoma  (18,  reviewed  in  20).  Epithelial  cells  in  PIA  are  highly 
proliferative,  exhibit  phenotypic  characteristics  that  are  intennediate  between  secretory  and  basal 
cells,  and  have  been  proposed  to  be  precursors  to  prostatic  neoplastic  transformation  (91).  Merging 
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of  focal  areas  of  PIA  with  PIN  has  also  been  reported  (18).  Interestingly,  occurrence  of  mutations 
in  p53  or  Rbl  in  PIA  is  low,  which  supports  a  viral  cause  for  the  transition  of  benign  epithelium  to 
PIA  lesions  through  the  inactivation  of  these  tumor  suppressors  by  viral  oncoproteins. 

There  are  two  additional  reports  on  the  presence  of  BKV  DNA  in  prostate  carcinomas  (44, 
96).  Zambrano  et  al.  (2002)  demonstrated  the  presence  of  BKV  DNA  in  3/12  prostate  specimens 
by  utilizing  PCR,  and  Lau  et  al.  (2007)  detected  BKV  DNA  in  tumor  cells  in  2/30  prostate 
specimens  using  ISH.  Our  previous  study,  however,  was  the  first  to  demonstrate  the  presence  of 
both  viral  DNA  and  oncoprotein  expression  in  PIA  lesions  of  neoplastic  prostate  (17).  In  the 
current  report,  we  specifically  examined  expression  of  TAg  in  the  same  PIA  ducts  that  contain 
BKV  DNA,  further  supporting  our  previous  conclusion  that  the  TAg  is  indeed  that  of  BKV. 
Additionally,  in  this  study,  we  show  that  although  the  normal  ducts  may  have  BKV  DNA,  there  is 
no  expression  of  TAg  in  those  ducts.  This  suggests  the  intriguing  possibility  that  BKV  infects  the 
normal  epithelium  and  resides  in  a  latent  state,  and  that  activation  of  TAg  expression  in  PIA  may 
promote  the  transition  from  benign  to  atrophic,  ultimately  leading  to  prostate  cancer.  The  fact  that 
TAg  is  only  detected  in  the  PIA  of  non-diseased  prostates  that  also  have  signs  of  PIN  also  supports 
a  possible  link  between  BKV  and  cancerous  lesions.  It  is  tempting  to  speculate  here  that  these  non- 
diseased  prostates  which  have  PIN  are  already  on  their  way  to  cancer,  and  TAg  expression  may  act 
as  a  co-factor  that  promotes  this  transition.  Interestingly,  prostate  cancer  is  a  slowly  progressing 
disease,  focal  areas  of  atrophy  are  a  common  occurrence  of  the  ageing  prostate  (reviewed  in  20, 

26,  29,  48,  71),  and  BKV  is  a  relatively  poor  transforming  agent  (6,  33). 

Detection  of  p53  by  IHC  usually  requires  that  the  p53  be  stabilized  in  some  manner 
(23,  24).  Two  known  means  of  stabilization  are  binding  by  TAg  (reviewed  in  63)  and  mutation 
(reviewed  in  61,  reviewed  in  82).  Our  analysis  of  the  p53  gene  from  laser  captured  TAg- 


34 


positive  PIA  cells  and  TAg-negative  tumor  cells  with  nuclear  p53  is  therefore  relevant  to 
whether  the  virus  is  involved  in  oncogenesis.  The  p53  sequence  is  wild  type  in  laser-captured 
PIA  cells  expressing  TAg.  This  is  similar  to  the  status  of  p53  genes  in  cervical  carcinomas 
expressing  the  HPV  E6  oncoprotein  (reviewed  in  86),  and  suggests  that  the  wild  type  p53  is 
being  inactivated  by  sequestration  in  the  cytoplasm.  However,  when  the  p53  sequence  was 
analyzed  from  entire  thin  sections  from  cancerous  prostates,  a  mixture  of  wild  type  and  mutant 
p53  was  sometimes  observed.  We  predicted  that  the  mutant  p53  sequence  that  we  observed 
from  TAg-positive  thin  sections  was  derived  from  tumor  cells.  LCM  of  p53-positive  tumor 
cells  supported  this,  because  we  detected  a  mix  of  wild  type  and  mutant  p53  in  those 
specimens.  In  spite  of  slight  stromal  cell  contamination  in  the  LCM  samples,  the  mutant  form 
of  p53  was  readily  detectable  in  the  specimen  expressing  nuclear  p53.  An  earlier  study  using 
laser  capture  microdissection  demonstrated  a  very  low  occurrence  of  p53  gene  mutations  in 
PIA  lesions  (90).  Since  the  p53  gene  in  TAg-positive  cells  in  cancerous  prostates  is  wild  type, 
we  did  not  perform  this  analysis  in  nonnal  specimens.  p53  expression  in  both  types  of 
specimen  was  only  detectable  in  PIA  cells  and  was  cytoplasmic  despite  the  protein  having  a 
wild  type  NLS.  For  p53  to  function  as  a  tumor  suppressor,  its  translocation  and  retention  in  the 
nucleus  is  required  (41,  53,  73).  Nuclear  p53  over-expression  was  not  observed  in  any  of  the 
non-diseased  prostates. 

It  is  interesting  that  TAg,  which  is  normally  a  nuclear  protein,  is  localized  in  the  cytoplasm 
of  the  epithelial  cells  in  these  PIA  lesions.  The  tumorigenic  potential  of  an  SV40  TAg  containing  a 
mutation  in  the  NLS,  causing  it  to  remain  in  the  cytoplasm,  has  been  previously  reported  (reviewed 
in  10,  43,  62).  This  cytoplasmic  SV40  TAg  has  the  ability  to  induce  tumors  in  transgenic  mice  at  a 
rate  equivalent  to  nuclear  TAg  (62).  However,  in  our  studies  the  NLS  of  BKV  TAg  was  wild  type. 
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In  addition,  BKV  replication,  as  measured  by  VP1  expression,  was  not  observed  in  the  TAg- 
positive  specimens,  consistent  with  the  observation  of  TAg  expression  in  the  cytoplasm. 

Additionally,  cytoplasmic  p53  expression  in  transformed  cells  in  the  presence  of  a 
cytoplasmically  localized  SV40  TAg  has  been  previously  reported  (43).  Cytoplasmic 
localization  of  p53  has  been  also  observed  in  various  human  tumors  (8,  9,  52,  54,  77,  81).  This 
suggests  that  in  certain  cancers,  functional  p53  inactivation  occurs  by  the  sequestration  of  the 
protein  in  the  cytoplasm,  leading  to  acceleration  of  tumor  progression  by  the  accumulation  of 
chromosomal  mutations  during  cell  proliferation. 

The  fact  that  the  NLS  of  TAg  and  p53  were  wild  type  in  BKV  positive  prostates  suggests 
that  there  is  a  cellular  factor(s)  in  the  cytoplasm  that  is  sequestering  both  proteins.  Wild  type  p53 
has  been  shown  to  be  retained  in  the  cytoplasm  as  a  result  of  interactions  with  proteins  like  Hdm-2 
and  heat  shock  proteins  (83).  Phosphorylation  of  serine  residues  adjacent  to  the  NLS  of  SV40  TAg 
by  casein  kinase  II  facilitates  the  nuclear  translocation  of  TAg  and  this  process  of  nuclear  import  is 
inhibited  by  the  p34cdc2-  mediated  phosphorylation  of  a  nearby  threonine  residue  (38,  72,  76). 
Complexes  of  p34cdc2  and  p53  have  been  observed  in  TAg-transfonned  cells  (51)  and  TAg  has 
been  shown  to  stimulate  the  expression  of  the  cdc2  gene  (12,  56).  Interestingly,  serine  315  of  p53 
is  adjacent  to  one  of  its  NLS  and  is  also  phosphorylated  by  p34cdc2  (2),  and  exclusion  of  p53  from 
the  nucleus  due  to  the  phosphorylation  of  serine-315  was  recently  demonstrated  (69).  It  is  tempting 
to  speculate  that  in  the  prostate  specimens  that  express  TAg,  p34cdc2  phosphorylates  TAg  and/or 
p53,  which  impairs  the  ability  of  both  proteins  to  translocate  to  the  nucleus. 

Based  on  our  findings,  we  present  the  following  model  (Figure  5).  BKV  infects  normal 
epithelial  cells  and  induces  a  change  of  the  nonnal  cells  to  PIA  through  the  expression  of  TAg; 
alternatively,  the  transition  to  PIA  induces  TAg  expression.  This  results  in  induction  of 
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proliferation  and  sequestration  of  p53  in  the  cytoplasm.  As  the  cells  proliferate,  they 
accumulate  mutations  at  a  higher-than-normal  rate  due  to  the  absence  of  p53  activity. 
Eventually,  a  cell  accumulates  enough  mutations  to  completely  lose  growth  control  and 
clonally  expands  into  a  tumor.  The  loss  of  BKV  in  the  tumor  cells  could  be  due  to  selection 
against  TAg  by  the  immune  system,  dilution  of  viral  episomes  due  to  lack  of  replication,  or 
pro-apoptotic  effects  mediated  by  TAg  that  are  not  compatible  with  the  other  growth  control 
mutations  in  the  tumor  cells  (85,  87,  89),  resulting  in  selection  against  TAg  expression.  A 
similar  loss  of  TAg  expression  has  been  reported  in  studies  of  TRAMP  (TRansgenic 
Adenocarcinoma  of  Mouse  Prostate)  mice,  which  develop  tumors  due  to  expression  of  SV40 
TAg  (31).  When  tumor  cells  are  removed  from  these  animals  and  grown  in  culture,  TAg 
expression  is  lost  (25).  A  similar  loss  of  oncoprotein  expression  is  seen  in  cancers  of  the 
alimentary  canal  in  cattle  caused  by  bovine  papillomavirus  type  4  (BPV-4):  the  virus  is 
required  to  induce  papillomas  but  its  presence  is  not  necessary  for  progression  or  maintenance 
of  the  transformed  state  (11).  Additional  work  will  be  required  to  determine  if  a  causal 
connection  between  BKV  and  prostate  cancer  exists.  If  so,  the  unique  viral  properties  of  BKV 
can  be  explored  for  the  possibility  of  prophylactic  or  therapeutic  vaccination,  or  treatment  by 
designing  drugs  that  target  TAg. 
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TABLE  1. 


Target  Gene 

Primer 

Roun 

d 

p53  exons 

5-6 

(13040-13058) 

(13493-13475) 

1 

5-6 

(13057-13077) 

(13432-13412) 

2 

7-8 

(13987-14006) 

(14703-14684) 

1 

7-8 

(14003-14022) 

(14602-14583) 

2 

7 

(14217-14198) 

(14003-14022) 

2 

8 

(14591-14572) 

(14438-14457) 

2 

9 

(14521-14540) 

(14830-14811) 

1 

(14796-14777) 

(14579-14598) 

2 

BKV  TAg 

NLS 

(4670-4649) 

(4315-4334) 

1 

(4467-4443) 

(4358-4382) 

2 
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Sequence  (5’  to  3’) 


TTCCTCTTCCTACAGTACT 

GGAGGGCCACTGACAACCA 

CTCCCCTGCCCTCAACAAGA 

T 

CTCAGGCGGCTCATAGGGC 

AC 

TGTTATCTCCTAGGTTGGCT 

GGAGCTGGTGTTGTTGGGCA 

GGCTCTGACTGTACCACCAT 

TCCTGCTTGCTTACCTCGCT 

ATGGGTAGTAGTATGGAAG 

A 

GGCTCTGACTGTACCACCAT 

TACCTCGCTTAGTGCTCCCT 

CCTATCCTGAGTAGTGGTAA 

AGAGGAAGAGAATCTCCGC 

A 

CAGTCAAGAAGAAAACGGC 

A 

CTGGAAACTTTCCACTTGAT 
ACTAAGCGAGGTAAGCAAG 
_ C _ 

ATTGGAGAAACTCCCTTCAG 

AG 

AGTAT  ACAC  AGC  AAAGC  AG 
G 

GATGAAGAAGCAACAGCAG 

ATTCTC 

GCTT  G  ACT  A  AG  AA  ACTGGT  G 
TAGAT 


Sequence 


TABLE  2.  Comparison  of  cancerous  and  normal  prostate  specimens 


Normal 

Cancer 

p-value 

BKV  DNA  (pos) 

4 

11 

BKV  DNA  (neg) 

11 

3 

fraction* 

0.27 

0.79 

0.007 

TAg  (pos) 

4 

13 

TAg  (neg) 

25 

15 

fraction+ 

0.14 

0.46 

0.008 

p-valuc  was  obtained  by  using  Fisher’s  exact  probability  test  (66) 
*fraction  of  BKV  positive  specimens 
fraction  of  TAg  positive  specimens 
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TABLE  3.  Summary  of  normal  prostate  data 


Specimen 

Histology 

ISH 

TAg 

p53 

1 

N 

Pos 

Neg 

Neg 

2 

N 

ND 

Neg 

Neg 

3 

A 

ND 

Neg 

Neg 

4 

N,  A 

ND 

Neg 

Neg 

5 

N,  A 

ND 

Neg 

Neg 

6 

N,  A 

ND 

Neg 

Neg 

7 

N,  A 

Neg 

Neg 

Neg 

8 

N,  A 

Pos 

Neg 

Neg 

9 

N,  A 

ND 

Neg 

Neg 

10 

N,  A 

Neg 

Neg 

Neg 

11 

N,  A 

ND 

Neg 

Neg 

12 

N,  A 

ND 

Neg 

Neg 

13 

N,  A,  P 

ND 

Neg 

Neg 

14 

N,  A,  P 

Neg 

Neg 

Neg 

15 

N,  A,  P 

Pos 

Pos  (A) 

Pos  (A) 

16 

N,  A,  B,  P 

Pos 

Pos  (A) 

Pos  (A) 

17 

N,  A,  B,  P 

ND 

Pos  (A) 

Pos  (A) 

18 

N,  A,  B,  P 

ND 

Pos  (A) 

Pos  (A) 

19 

N,  A,  B,  P 

ND 

Neg 

Neg 

20 

N,  A,  B,  P 

Neg 

Neg 

Neg 

21 

N,  A,  B,  P 

Neg 

Neg 

Neg 

22 

N,  A,  B,  P 

ND 

Neg 

Neg 

23 

N,  T 

ND 

Neg 

Neg 

N,  normal;  A,  (PA,  prostatic  atrophy  and  PIA,  proliferative  inflammatory  atrophy);  B, 
benign  prostatic  hyperplasia;  P,  PIN,  prostatic  intraepithelial  neoplasia;  ND,  not 
determined;  ISH,  in  situ  hybridization  with  a  early  region  DNA  probe  for  BKV;  T,  in  this 
specimen  section  there  was  a  very  small  area  of  incidental  tumor 
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TABLE  4 ,p53  Sequence  Analysis 


Specimen 

TAg 

p53 

Exon 

Entire  thin  section 

LCM 

Cl 

Cyto 

Cyto 

5-6 

wt,  mt  (Thr  140  to 

wt 

lie) 

9 

wt 

ND 

C2 

Cyto 

Cyto 

5-6 

wt 

wt 

7-8 

wt 

wt 

9 

wt 

wt 

C3 

Cyto 

Cyto 

5-6 

wt 

wt 

7-8 

wt 

wt* 

9 

wt 

wt 

C4 

Cyto 

Cyto 

5-6 

mt  (Pro  191  to  Leu) 

wt 

7-8 

wt 

wt 

9 

wt 

wt 

C5 

Cyto 

Cyto 

5-6 

ND 

wt 

7-8 

wt 

wt* 

9 

wt 

wt 

C6 

Nuc 

5-6 

wt 

wt 

7-8 

wt 

wt 

9 

wt 

wt, 

mt  (Pro  318 

to  Ser) 

Cl 

Nuc 

5-6 

wt 

wt 

7-8 

wt 

wt* 

9 

wt 

wt 

C8 

Nuc 

5-6 

wt 

wt 

7-8 

wt 

wt* 

wt,  wild  type;  mt,  mutant;  Nuc,  Nuclear  localization;  Cyto,  Cytoplasmic  localization;  ND,  Not  Determined; 
*exon  8  sequence  of  these  specimens  could  be  amplified  but  good  quality  sequence  could  not  be  obtained; 
Specimen,  cancerous  prostate;  (C1-C5),  LCM  of  TAg+  PIA  cells;  (C6-C8),  LCM  of  TAg-  tumor  cells 
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FIGURE  LEGENDS 


Figure  1.  In  situ  hybridization  and  immunohistochemistry  of  nonnal  prostates.  (A),  section  stained 
with  BKV-specific  probe.  (B),  section  immunostained  with  anti-TAg  antibody.  (C),  PIA  duct  from 
a  section  that  was  positive  for  the  presence  of  BKV  DNA,  showing  immunostaining  with  anti-TAg 
antibody.  (D),  PIA  duct  from  the  same  specimen  as  (C),  immunostained  with  anti-p53  antibody. 
Magnification:  x  400  (A,  C  and  D);  x  100  (B) 

Figure  2.  Alignment  of  ducts  for  the  presence  of  BKV  DNA  and  TAg  expression.  (A-C)  are  serial 
sections  of  the  same  atrophic  duct  showing  hybridization  with  scrambled  probe  (A),  BKV-specific 
probe  (B)  and  immunostaining  with  anti-TAg  antibody  (C).  (D-F)  are  serial  sections  of  the  same 
normal  duct  from  the  same  specimen  showing  hybridization  with  scrambled  probe  (D),  BKV- 
specific  probe  (E)  and  immunostaining  with  anti-TAg  (F).  (G)  and  (H)  are  identical  PIA  ducts  of 
the  same  specimen  showing  hybridization  with  BKV-specific  probe  and  immunostaining  with  anti- 
TAg,  respectively.  Magnification:  x  100  (A-C);  x  200  (D-H).  Sections  A,  B,  D,  E  and  F  were 
counterstained  with  contrast  red  and  C,  F  and  H  were  counterstained  with  hematoxylin.  The  green 
stain  in  D,  E  and  F  is  orientation  ink  used  by  pathologist  to  maintain  the  orientation  of  the  exterior 
surface  of  the  prostate  in  a  paraffin-embedded  block.  Positive  staining  for  ISH  is  dark  red/black 
and  for  IHC  is  brown. 

Figure  3.  Laser  capture  microdissection  of  cancerous  prostate.  (A-C),  an  atrophic  gland 
immunostained  with  anti-TAg  is  shown  before  laser  capture  (A),  after  the  thermoplastic  film  is 
removed  (B),  and  as  the  captured  sample  (C).  (D-F),  tumor  cells  immunostained  with  anti-p53  are 
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shown  before  laser  capture  (D),  after  removal  of  thennoplastic  film  (E)  and  in  the  captured  sample 
(F).  (G),  representative  chromatogram  of  specimen  1  from  Table  3,  showing  comparison  of  the 
DNA  sequence  of  exon  5,  nucleotides  13075-13111,  of  the  p53  gene  from  laser  captured  TAg- 
expressing  atrophic  cells  (bottom)  and  from  the  entire  thin  section  (top).  Arrow  shows  a  mix  of 
wild  type  (cytosine)  and  mutant  (thymidine)  form  of p53,  which  corresponds  to  amino  acid  140. 
Careful  analysis  of  the  chromatogram  shows  both  nucleotides  even  though  the  software  recognized 
that  position  as  a  cytosine.  The  underline  represents  the  wild  type  codon  for  140  at  the  same 
position  from  laser  captured  TAg  expressing  cells. 

Figure  4.  Immunohistochemistry  for  VP1.  A  and  B  are  TAg-positive  cancerous  prostate  tissue 
sections  immunostained  with  IgGia  isotype  control  or  anti- VP  1  monoclonal  antibody,  respectively. 
(C-D)  are  mock  or  BKV-infected  kidney  epithelial  cells  in  culture,  respectively,  immunostained 
with  anti- VP  1  antibody.  Magnification:  x  100  (A-B);  x  400  (C-D) 

Figure  5.  Model  of  induction  of  prostate  cancer  by  BKV.  See  Discussion  for  details. 
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GAT  GT  T  T  T  GOCAACT  GGCCAAGACCT  GCOCT  GT  GCAG 

T 


GAT GT T  T  T  GCCAACT GGCCAAGACCT GCCCT  GT  GCAG 
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